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Manganese porphyrins have been extensively investigated as model systems 
for the natural enzyme cytochrome P450 and as synthetic oxidation catalysts. 
We report here single molecule studies of the multistep reaction of manganese 
porphyrins with molecular oxygen at a solid/liquid interface, employing a 
scanning tunneling microscope (STM) under environmental control. The high 
lateral resolution of the STM, in combination with its sensitivity for subtle 
differences in electronic properties of molecules, allowed the detection of at 
least four distinct reaction species. Real-space and real-time imaging of 
reaction dynamics enabled the observation of active sites, immobile on the 
experimental timescale. The conversions between the different species could 
be tuned by the composition of the atmosphere (argon, air or oxygen) and the 
surface bias voltage. By means of extensive comparison of the results to those 
obtained by analogous solution-based chemistry, we assigned the observed 
species to the starting compound, reaction intermediates, and products. 
Cytochrome P450, an abundant enzyme in the animal, plant and microbial kingdoms, acts as a 
mono-oxygenase in various detoxification and biosynthesis pathways1. Its active site contains 
an Fe(III)-heme complex, which can activate molecular oxygen for the oxidation of a variety 
of organic substrates. Taking this efficient natural catalyst as a blueprint, many artificial 
systems containing Mn(III) or Fe(III) porphyrins have been developed2 and used in catalytic 
oxidation reactions3. Numerous studies have been devoted to elucidating the role of 
manganese porphyrin in the complex oxygen transfer mechanisms between oxidant and 
substrate4-7. The majority of these studies use ensemble techniques in solution, such as 
electrochemistry and absorption, electron paramagnetic resonance and nuclear magnetic 
resonance spectroscopy. The scanning tunneling microscope (STM) has proven to be a 
promising tool to study reactions at the molecular level8-12, and initial experiments have been 
reported in which the reactive properties of metal porphyrins were studied on a surface at the 
single molecule level by STM in ultrahigh vacuum (UHV)13-17 and under ambient 
conditions18,19.  
Here we report detailed STM studies of the complex redox chemistry of reactions between 
meso-5,10,15,20-Tetrakis[4-(R,R,R,R)-2-N-octadecylamidoethyloxyphenyl]porphyrin 
manganese(III) chloride (Mn1Cl, Fig. 2a) and different oxygen donors at a solid/liquid 
interface. Although the dynamic nature of the molecules at this interface complicates the use 
of techniques that are typically being used under UHV conditions, such as X-ray 
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Photoelectron Spectroscopy (XPS), STM can provide extremely high spatial resolution and 
insight into changes in the electronic properties of molecules with a liquid medium over them. 
These liquid conditions make the system far more comparable with processes taking place in 
biological systems than the UHV conditions, where solvent-mediated factors such as the 
diffusion and concentration of reactants are fully absent. It is in principle possible with STM 
to monitor single molecules at the highest detail while they are involved in multistep chemical 
reactions with STM, and to image and identify reactants, intermediates and products in the 
most direct way, i.e. by imaging. This approach allows the study of reaction dynamics in real-
space and real-time, which may provide unique information about reaction mechanisms that 
remains hidden in ensemble measurements at the macroscopic scale. STM may reveal 
variations in reactivity of single molecules, the relation of these variations to molecular 
adsorption geometry, and cooperativity effects at the nanometre scale.  
 
An overview of the possible reaction pathways involving manganese porphyrins and oxygen, 
based on the literature1-3,18,20-29 and the observations described here, is depicted in Figure 1. A 
reduction of the manganese centre of the porphyrin from Mn(III) to Mn(II) with loss of the 
counterion20 is a requirement for the binding of an oxygen molecule to give a dioxygen 
adduct21. Subsequently, the oxygen-oxygen bond of the resulting species can be cleaved 
following two possible pathways: (i) a reaction with Mn(II) to form two Mn(IV)-oxo 
complexes18,22,23; (ii) a reaction with an electron and two protons to generate water and a 
[Mn(V)-oxo]+ species1-3. The Mn(IV)-oxo species is active in the epoxidation of alkenes3,24, 
and in the absence of such substrates it can connect to an additional Mn(II) porphyrin to give 
a µ–oxo bridged Mn(III) dimer25-28, or to an Mn(III) porphyrin  to give a mixed valence 
[Mn(IV)-O-Mn(III)]+ dimer29. As an alternative to molecular oxygen, a single oxygen donor 
such as pentafluoroiodosylbenzene (PFIB) can react directly with an Mn(III) porphyrin to 
generate a [Mn(V)-oxo]+ species, which can further react with an Mn(III) porphyrin to form a 
[Mn(IV)-O-Mn(IV)]2+ dimer1,3. The aim of this research is the detection of the individual 
species depicted in Scheme 1 at the single molecule scale by STM, in order to provide  real-
time and real-space mechanistic information about reaction dynamics at the chemically and 
biologically relevant solid/liquid interface. With our approach elucidation of the full structural 
details of the reaction products is beyond the sensitivity level, since the sophisticated 
spectroscopy that is usually required for the ensemble characterisation of such species in 
solution is not applicable at the solid/liquid interface at the level of individual molecules. Our 
intention is to apply STM as a single molecule technique complementary to the conventional 
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ensemble techniques, in order to detect different states and infer them to be associated with 
different species by logical analogy with the solution chemistry. 
 
 
 
Figure 1 | Possible pathways and states of the manganese centre of Mn-
porphyrins during their reaction with O2 or with the single oxygen donor 
pentafluoroiodosylbenzene (PFIB); the STM topographies linked to the various 
states in this paper are depicted in blue. Before it can react with O2 the 
manganese centre of the native Mn-porphyrin (Mn1-A) must first be reduced to Mn(II) 
(Mn1-B) with the loss of the chloride counter ion. After reaction of this species with 
O2 a Mn(III)-dioxo complex is formed, which can either react with two protons to 
generate a Mn(V)-oxo species and a water molecule, or give a Mn(IV)-oxo species 
(Mn1-C) after homolytic dissociation of the oxygen-oxygen bond. This species can 
react with either a Mn(III) or a Mn(II)-porphyrin to yield a mixed valence Mn(IV)-O-
Mn(III) or a Mn(III)-Mn(III) -oxo-porphyrin dimer, respectively. Based on STM 
topography no discrimination could be made between these two complexes, 
therefore the assignment Mn1-D is placed in between them. When Mn1-A reacts with 
PFIB it generates a Mn(V)-oxo porphyrin (Mn1-E), which can further react with a 
Mn(III) porphyrin to give a Mn(IV)-Mn(IV) -oxo-porphyrin dimer (Mn1-F). 
In a first experiment we deposited a droplet of a ~10−5 M solution of Mn1Cl in 1-octanoic 
acid at the basal plane of a freshly cleaved highly oriented pyrolytic graphite (HOPG) sample 
under ambient conditions. Related alkyl-functionalised free base porphyrin molecules are 
known to form well-ordered monolayers on the same substrate30,31. STM revealed the 
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instantaneous self-assembly of the molecules of Mn1Cl in extended lamellar arrays, in which 
the porphyrin planes are adsorbed parallel to the surface and the alkyl chains interdigitated 
(Fig. 2B). The orientation of the lamellae and the alkyl chains with respect to the main 
crystallographic directions of the graphite surface is identical to that observed for the 
corresponding free base derivative.30 When the surface was scanned under ambient conditions 
at a negative bias voltage of −800 mV and a tunneling current setpoint of 10 pA, typically 
within tens of minutes four distinct topographical Mn1-related states became apparent, which 
we label Mn1-A, Mn1-B, Mn1-C and Mn1-D (Figs 2C and 2D). These states were stable and 
remained present for many minutes up to several hours. The stability of the monolayer at 
phase boundaries and defects indicated that molecular desorption and readsorption processes 
were very infrequent at the timescale of the experiment (Supplementary Fig. S8). Neither the 
tip material (Pt/Ir), nor the solvent were a determinant in the formation of the states, as 
experiments with a gold tip or at a HOPG/1-phenyloctane interface revealed similar 
topographical features (Supplementary Figs S9 and S10). In all STM experiments Mn1-A was 
the most abundant state and at the start of the measurement generally the only one present, 
therefore it is expected to correspond to the native compound Mn(III)1Cl. 
 
Figure 2 | Appearance of Mn-porphyrins at the solid/liquid interface. A, 
Molecular structure of Mn1Cl. B, STM topography image of Mn1Cl at the HOPG/1-
octanoic acid interface under ambient conditions, directly after monolayer formation. 
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Vbias = −800 mV, Iset = 50 pA. C, Idem, after 8 hours.  The unit cell is drawn in: a = 1.9 
± 0.15 nm, b = 4.0 ± 0.1 nm and = 80 ± 3º. Vbias = −800 mV, Iset = 10 pA. D, 
Magnification of image C. The distinct states of Mn1 are indicated. E, Cross-section 
corresponding to the white dashed line in image D. 
Given the known ability of manganese porphyrins to react with oxygen, a possible correlation 
of the emergence of the distinct topographical states of Mn1Cl and the presence of O2 was 
checked by performing STM measurements under different controlled atmospheres. For this 
purpose, the microscope was covered with a glass bell-jar, and in two separate experiments 
the emergence of the states was monitored in time in either an argon or an oxygen atmosphere 
(Figs 3A and 3B). The most striking difference between the two experiments was the increase 
in relative surface coverage of Mn1-C: after 4.5 h in an argon atmosphere, its relative 
coverage was about 3%, while after the same time in an oxygen atmosphere it amounted to 
more than 20% of the surface-bound molecules. The scanning by the STM tip was not the 
major cause of the appearance of this state, since previously unscanned areas at remote 
locations (>1 µm away) revealed a similar abundance to an area that was scanned for hours 
(Supplementary Figs S11 and S12). We therefore conclude that the formation of Mn1-C is 
directly related to the presence of oxygen, which is remarkable, since UV-visible absorption 
spectroscopy studies revealed that in 1-octanoic acid solution Mn1 is inert to this gas. This 
suggests the presence of a surface effect. 
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 Figure 3 | Mn-porphyrin states at the solid/liquid interface under different 
atmospheres. A, Relative coverages of Mn1-A, Mn1-B, Mn1-C and Mn1-D as 
function of time from the start of the STM measurement under argon. B, idem, under 
oxygen. In both cases 300-500 molecules were monitored. Vbias = −800 mV, Iset = 5 
pA. C, STM topography image of Mn1, pairs of Mn1-C at adjacent locations in the 
monolayer are indicated by yellow ellipses. Vbias = −800 mV, Iset = 5 pA. D, Nearest 
neighbour distributions for Mn1-C species in the STM experiment with oxygen with 
relative coverages between 0-8% (Nexp = 349, t = 0.5 to 2 h). Inset: corresponding 
nearest neighbor distribution of simulation datasets with randomly distributed species 
(Nsim = 1000 sets, error bars indicate S.D.). E, Idem, for relative coverages between 
10-16% (Nexp = 213, t = 2.5 to 4 h). Inset: corresponding simulation with randomly 
distributed species (Nsim = 1000 sets, error bars indicate S.D.). F, STM topography 
images of the formation of adjacent Mn1-C complexes between two scan lines; Vbias 
= −800 mV, Iset = 5 pA, time between scan lines 380 ms, time between two images 3 
minutes. The slow scan direction is indicated by the arrows.  
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State Mn1-C may be assigned to an Mn(III)1(O2) complex, but such a species has been 
reported to be thermally very unstable in solution.32-35  STM measurements indicated that 
Mn1-C was generally stable for at least an hour. Furthermore, inspection of many STM 
images indicated that the molecules of Mn1-C were distributed non-randomly over the 
surface. In particular, there seemed to be a preference for the emergence of state Mn1-C at 
adjacent locations in the lamellae (Fig. 3C). When experimentally obtained nearest neighbor 
distribution histograms of Mn1-C (at <8% surface coverages to minimise the effect of 
occupation statistics) were compared to a simulated dataset assuming a random distribution in 
the assembly, the experimental dataset revealed that the relative occurrence at the closest 
possible distance between two molecules (at 1.9 nm) is about twice as high as the 
corresponding peak in the simulation dataset (Fig. 3D and Supplementary Material). Such a 
distribution points at a correlated process, and might be explained by a similar preferential 
pair-wise generation of state Mn1-C (illustrated in Fig. 1) as was previously observed for the 
reaction of oxygen with another type of Mn porphyrins adsorbed on a Au(111) surface18. At 
higher surface coverages of Mn1-C of 10-16%, this correlation appears not so pronounced 
when compared to the corresponding simulation (Fig. 3E), although in that case occupation 
statistics can mask such an effect. The apparent correlation in the formation of these species 
can be explained by reasoning that Mn1-C corresponds to an Mn(IV)-oxo porphyrin complex, 
which can form as a result of a homolytic splitting of the oxygen-oxygen bond18,22,36. In that 
case the second oxygen atom can connect to a neighboring manganese porphyrin on the 
surface, whose effective molarity is extremely high,37 to generate another Mn(IV)-oxo 
species. A related proximity effect in which two adjacent catalytic metal centres are involved 
in binding and splitting of molecular oxygen has been recently imaged in an STM study in 
which di-iron complexes were studied under UHV conditions36. In the present case it is 
noteworthy that the process takes place in a fluid medium. 
An additional indication for the correlation in the formation of Mn1-C came from the 
observation in real-time of single molecule formation events by STM. We define such an 
event as the appearance of an Mn1-C species at a location in the monolayer at which in the 
previously scanned STM image the porphyrin molecule existed in a different state. In a set of 
115 unique events of this type occurring in one STM measurement series, 28 of the Mn1-C 
species (24%) had an Mn1-C species that also formed at the same time at the nearest 
neighbour site. This high fraction cannot be explained by a generation as randomly distributed 
single events, as in that case a much lower fraction of formation of Mn1-C at nearest neighbor 
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sites is expected  (a simulation for the generation of pairwise formation of Mn1-C shows that 
this fraction is around 3-4%, see Supplementary Fig. S3). In several cases, pairwise formation 
events could be observed in between two scan lines (time interval 380 ms) in the STM images 
(Fig. 3F and Supplementary Figs S6 and S7).  
It is as yet unclear how the transfer of the second oxygen atom to a neighbouring Mn1 
porphyrin takes place. A mechanism involving a homolytic dissociation of an Mn-O-O-Mn 
intermediate22 would require a ‘flipping up’ of two adjacent porphyrin planes to 
simultaneously bind an oxygen molecule, but we have not observed such an intermediate in 
our STM measurements. An alternative is the surface-mediated diffusion of atomic oxygen, 
i.e. via the adsorbed porphyrin planes, to a neighbouring Mn1 molecule. However, the 
observation that 76% of the formation events do not yield species Mn1-C at nearest 
neighbour sites indicates strongly that the majority of the oxygen atoms react in a different 
way, for example by diffusing away from the surface and reacting with molecules of the 
solvent or molecules dissolved therein. 
A reaction of Mn1Cl with a single oxygen donor should generate oxidised manganese 
porphyrin species in a non-correlated fashion, and lead to a random distribution in the 
monolayer and a lower peak at the adjacent monolayer location in the nearest neighbor 
distribution than for the experiments with molecular oxygen. To test our hypothesis, PFIB 
was added to a freshly assembled monolayer of Mn1Cl at the HOPG/1-octanoic acid 
interface. It was expected that this reagent would generate a [Mn(V)1-oxo]+ species1,3 (Fig. 
1). Immediately after its addition STM images revealed the formation of a considerable 
amount of two topographical states, which we label Mn1-E and Mn1-F (Fig. 4A). While 
Mn1-F strongly resembled the signature of Mn1-D in the experiment with oxygen, Mn1-E 
has a topography characterised by bright spikes that have a similar apparent height as the 
topography of Mn1-C (Fig. 4B and Supplementary Fig. S13). Its relative coverage rapidly 
increased to 13% within 45 minutes. Considering the results of numerous oxidation studies 
with manganese porphyrins, we assign Mn1-E as a [Mn(V)1-oxo]+ species (see Fig. 1).  Its 
appearance as spikes, when compared to Mn1-C, might be attributed to a bound oxygen atom 
possibly less stable than the other case, or to the fact that the proposed species is charged, 
with its chloride counter ion being non-coordinated but still present in the outer-coordination 
shell of the molecule and mobile under the action of the STM tip. When the nearest neighbor 
distribution histogram of molecules in state Mn1-E (Fig 4C) is compared to that of molecules 
in state Mn1-C in the experiment with oxygen, at a similar surface coverage (Fig. 3E), it turns 
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out that in the case of the oxidation reaction using PFIB the peak corresponding to adjacent 
monolayer locations is lower and in fact in very good agreement with a simulation assuming 
the formation of Mn1-E with a random spatial distribution on the surface (cf. Supplementary 
Fig. S2). 
 
Figure 4 | Reaction of Mn-porphyrins with single oxygen donor PFIB at the 
graphite/1-octanoic acid interface.  A, STM topography image 15 minutes after the 
addition of PFIB. Vbias = −800 mV, Iset = 8 pA. B, Magnification, showing molecules of 
Mn1 in states Mn1-E (one of them included in the yellow ellipse) and Mn1-F after the 
addition of PFIB. C, Nearest neighbour distributions for Mn1-E in the STM 
experiment with PFIB, relative coverages between 10-16% (N = 318, t = 20 min to 
1.5 h). 
An Mn(IV)1-oxo complex can further react to a µ–oxo bridged dimer by attaching to an 
additional Mn-porphyrin (Mn(III)+ or Mn(II)) from the supernatant solution or the surface. 
We propose such a dimer structure for state Mn1-D. Its appearance still features the “four-leaf 
clover” signature typically observed for a porphyrin plane (Fig. 5A), but oriented under an 
angle of  approximately 45º with respect to the other porphyrin planes in the same lamellar 
array that are directly adsorbed to the surface (Fig. 5B). The large apparent height of this 
complex of 0.4–0.5 nm, about twice the apparent height of Mn1-C, corresponds well to the 
topographical features of other “double decker”-like species studied by STM in which the two 
dye moieties are at similar distance38. The abundance of Mn1-D was dependent on the 
concentration of Mn1 in the supernatant solution and increased from 0.5% for [Mn1] = 10−5 
M to 3.4% for [Mn1] = 10−4 M, after 4 h under ambient conditions. Since in an argon 
atmosphere Mn1-D was only sporadically observed after 4 h (never for [Mn1] = 10−5 M and 
<0.5% abundance for [Mn1] = 10−4 M), the presence of oxygen seemed to be a requirement 
for its formation. The concentration- and oxygen-dependence are in line with an assignment 
11 
 
of Mn1-D as a µ-oxo-bridged dimer. The fact that the top porphyrin is still quite well-
resolved in the STM images indicates a hindered rotation along the Mn-O-Mn bond, imposed 
by steric interactions between the meso-phenyl groups of the two porphyrins as was also 
indicated by molecular modeling (Supplementary Fig. S14). Its concentration dependence 
indicates that the second porphyrin comes from the supernatant solution, in principle yielding 
a [Mn(III)1-O-Mn(IV)1]+ dimer (see Fig. 1). Such a mixed-valence complex, however, has 
been reported unstable in solution25, and the observation that Mn1-D was generally stable for 
more than an hour suggests that such a dimer is either stabilised by its adsorption to the 
surface, or is reduced by a surface-induced reaction to a more stable Mn(III)1-O-Mn(III)1 
complex.  
 
Figure 5 | Imaging of a -oxo Mn-porphyrin dimer. A, High resolution STM 
topography of Mn1-D, revealing the submolecular structure of the porphyrin core; 
Vbias = −800 mV, Iset = 10 pA. B, STM topography of an array of molecules of Mn1. 
The solid cross indicates the orientation of the porphyrin core of Mn1-A and the 
dotted cross that of the porphyrin core of Mn1-D. The white line connects the centres 
of the molecules. Inset: indication of the angle = 45 ± 5º between the two 
orientations; Vbias = −800 mV, Iset = 10 pA.  
While Mn1-F (Figs 4A and 4B) has a very similar appearance and apparent height as Mn1-D, 
the expected -oxo-bridged dimer formed from a [Mn(V)1-oxo]+ species would be a 
[Mn(IV)1-O-Mn(IV)1]2+ complex. The STM topographies are not conclusive as to whether 
or not Mn1-F is identical to Mn1-D (for example via a surface-induced reduction), or in fact a 
slightly different state with a similar topographical appearance. 
Mn1-C and Mn1-D are both proposed to be generated after a reaction of Mn1 with O2. 
Before a manganese porphyrin can bind and split oxygen, its manganese centre needs to be 
reduced from Mn(III) to Mn(II)1. Since Mn1 in solution is inert towards oxygen, we propose 
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that in our STM experiments Mn1 is reduced by the negatively biased HOPG surface39,40, and 
that the hitherto unassigned state Mn1-B corresponds to an Mn(II) species. Several 
arguments, which will be discussed in the following, are in support of this assignment.  
The emergence of Mn1-B, Mn1-C and Mn1-D appeared to be strongly dependent on the 
applied bias voltage. At positive sample bias voltages and low tunneling current setpoints, the 
monolayer of Mn1 is unstable and typically desorbs within 30 minutes. At a bias voltage of 
−500 mV under ambient conditions and an Iset of 5 pA or lower, Mn1-B was never observed, 
no more than 1% of Mn1-C was present after 4 h, and Mn1-D was observed only 
occasionally. Under the same conditions but at −800 mV, these relative coverages had 
increased to approximately 15%, 5% and 0.3%, respectively (Fig. 6A). We propose that a 
sufficiently negative bias on the surface is required to reduce Mn1-A to Mn1-B, an Mn(II) 
porphyrin, and attribute the observation that not every manganese(III) porphyrin in the 
monolayer is reduced to a non-ideal coupling between the porphyrin plane and the graphite 
surface, imposed by the meso-phenyl substituents. Although these substituents can freely 
rotate, a full alignment of their aromatic planes with the porphyrin plane is highly unfavorable 
because of steric hindrance with the hydrogen atoms attached to the pyrrole rings. As a result, 
it is difficult for the manganese atom to come in close contact with the surface, which will 
decrease the probability of the donation of an electron from the surface (see also the 
Supplementary Note). Previous research on a monolayer of Mn(III) porphyrins that lacked 
meso-phenyl substituents revealed that their adsorption to a Au(111) surface led to a 
quantitative reduction of the manganese centres from Mn(III) to Mn(II)18. While a difference 
in work function between the two surfaces might play a role in this process, it was reasoned 
that in the case of Au(111) a direct contact between the surface and the metal centre was 
possible, and that gold adatoms could act as axial ligands to the porphyrin metals41,42. Axial 
ligand effects between a surface and adsorbed molecules have been studied comprehensively 
between a Ag(111) surface and various metal-porphyrins in UHV, and it was shown that such 
interactions can have considerable influence on the electronic state of the porphyrins and their 
reactivity.44 But also in the absence of a direct chemical bond a surface like graphite can 
activate a metal centre, as was demonstrated in a recent STM study of the oxygenation of 
cobalt porphyrins at the graphite/1-phenyloctane interface.19 In that case the graphite surface 
was proposed to stabilise the polarised porphyrin Co−O2 complex by means of charge 
donation. 
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Upon its formation, Mn1-B becomes an active site for molecular oxygen and can act as a 
precursor of the oxygen-containing species Mn1-C and Mn1-D. This precursor role was 
supported by several dynamic phenomena observed by STM. In subsequent STM images 
recorded at time intervals of 2.5 minutes, Mn1-B appeared to be 4 times more likely to 
transform into Mn1-C than molecules of Mn1-A into Mn1-C (Supplementary Table S1). In 
one occasion, a molecule of Mn1-A was observed to switch to Mn1-B in between two scan 
lines, and in the next STM image to Mn1-C (Fig. 6B). 
 
Figure 6 | Imaging of a reactive Mn-porphyrin state. A, Distribution of states of 
Mn1 after 4 h under ambient conditions, at Vbias = −500 mV and −800 mV; Iset = 5 pA. 
B, A single molecule of Mn1, which converts from Mn1-A to Mn1-B in between two 
scan lines (time interval 380 ms), and subsequently to Mn1-C in the next image (time 
interval 2 min.). The arrows in the top right corners of the images indicate the scan 
direction. C, Series of sequential STM topographies in which a molecule of Mn1 (in 
the yellow circle) switches between various states; Vbias = −800 mV, Iset = 10 pA.  
 
The reactive nature of Mn1-B is further illustrated in Fig. 6C, where a sequence of STM 
images in one experiment is shown. A molecule of Mn1-B converts to Mn1-D, which 
remains stable for almost an hour, and then starts to switch repeatedly between Mn1-D and 
Mn1-B, until Mn1-B returns to state Mn1-A and becomes unreactive (see also the 
Supplementary Video). The observed series of frequent and reversible transitions at the same 
location over such a long period of time is highly remarkable, and not straightforward to 
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explain. They can be attributed to a repetitive formation and decomposition of an Mn(III)1-
O-Mn(III)1 complex at an Mn(II)1 active site which remains immobilised at the surface. The 
dynamic particle involved is proposed to be an Mn(IV)1-oxo species, which apparently 
resides nearby the active site, either in solution, connected via van der Waals interactions to 
nearby molecules in the monolayer, or attached to the STM tip. 
This work has shown that it is possible to discriminate different states of a reactive species 
with STM and thereby to monitor complex multistep reactions at the submolecular level at 
room temperature and under different atmospheric conditions. The dynamic and chemically 
realistic environment of a solid/liquid interface allows the direct observation of transitions 
between single reactants, intermediates and products, which provides unique mechanistic 
details and reaction rates that remain obscured when a reaction is studied by an ensemble 
technique. Of particular interest is the possibility to use a surface in the role of cofactor to 
deliver electrons to a reaction, which in principle allows for control of the reactivity of 
adsorbed molecules. The exploration of surface-mediated reactivity at the single molecule 
level with scanning tunneling microscopy under environmental control may lead to the 
discovery of new reactions and reaction pathways. The nanoscale probe itself might also be 
used as a tool to control surface-mediated reactivity on demand with (sub)molecular 
precision. 
 
Methods 
The STM measurements were performed in the constant current mode with an 
environmentally controlled home-built low-current STM, using an Omicron Scala SPM 
controller. STM tips were mechanically cut from Pt/Ir wires (90:10) with a diameter of 0.5 
mm. The highly oriented pyrolytic graphite used was grade ZYB (NTMDT, Zelenograd, 
Moscow). STM measurements were performed at the graphite/solution interface, with the tip 
immersed in a droplet of the solution of the molecules. The sizes of the pieces of graphite 
were in the range of 2–8 mm2, and the volume of the applied droplets between 3–5 μl. The 
unit cell of the molecular layer was determined by imaging the underlying graphite during the 
measurements of the molecules by changing the feedback parameters (Vbias and Iset), and 
subsequently the graphite lattice dimensions were used for calibration. All STM 
measurements shown have been corrected for the background, and a 3 × 3 median filter was 
applied. The solutions of Mn1 in 1-octanoic acid (Sigma-Aldrich, distilled before use) were 
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typically 2-3 × 10−5 M in concentration, unless otherwise indicated in the text. Prior to the 
experiments the solution was argon purged for at least a night and often several weeks, to 
remove dissolved oxygen. In order to make a reliable comparison between the measurements 
carried out in oxygen-poor and oxygen-rich atmospheres, special care was taken that, besides 
the concentration of oxygen, the other factors were kept as similar as possible: the 
experiments were performed with the same batch of solution, only one day apart, after argon-
purging for two weeks. Vbias and Iset were kept exactly the same in both experiments. The 
experiments in which the effect of Vbias was studied were performed with the same solution, in 
ambient conditions after the solution was argon-purged overnight, and with the same Iset.  
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